Antioxidants are abundant in natural dietary sources, and the consumption of antioxidants has a lot of potential health benefits. However, there has been no literature analysis on this topic to evaluate its scientific impact in terms of citations. This study is aimed at identifying and analysing the antioxidant publications in the existing scientific literature. In this context, a literature search was performed with the Web of Science database. Full records and cited references of the 299,602 identified manuscripts were imported into VOSviewer for bibliometric analysis. Most of the manuscripts were published since 1991. The publications were mainly related to the categories biochemistry/molecular biology, food science technology, and pharmacology/pharmacy. These topics have been prolific since 1990 and before. Polymer science was prolific before, but its publication share declined in the recent two decades. Brazil, China, India, and South Korea have emerged as upcoming major contributors besides USA. Most prolific journals were Food Chemistry, Journal of Agricultural and Food Chemistry, Free Radical Biology and Medicine, and PLOS One. Clinical conditions with high citations included Alzheimer's disease, cancer, cardiovascular disease, and Parkinson's disease. Chemical terms and structures with high citations included alpha-tocopherol, anthocyanin, ascorbate, beta-carotene, carotenoid, curcumin, cysteine, flavonoid, flavonol, hydrogen peroxide, kaempferol, N-acetylcysteine, nitric oxide, phenolic acid, uric acid, vitamin C, vitamin E, selenium, and resveratrol. Citation patterns temporal analysis revealed a transition of the scientific interest from research focused on antioxidant vitamins and minerals into stronger attention focus on antioxidant phytochemicals (plant secondary metabolites).
Introduction
Antioxidants existed in many dietary natural sources such as vegetables, fruits, and beverages and dietary antioxidants such as flavonoids may help reduce the risk of mortality from coronary heart disease and incidence of myocardial infarction [1, 2] . Furthermore, epidemiological studies and meta-analyses have suggested that the long-term consumption of plant polyphenols can protect us against a range of diseases, such as cancers, cardiovascular diseases, diabetes, osteoporosis, and neurodegenerative diseases (e.g., Alzheimer's disease) [3] [4] [5] [6] [7] . With the aging population and only a small proportion of the population has consumed daily the recommended amount of fruits and vegetables, there are great opportunities in improving the general health and against the degenerative diseases of aging by improving the diet [8, 9] .
To show the overall impact of the antioxidant research, a bibliometric analysis of the antioxidant research field may allow a deep understanding of the changes in the field in terms of contributors and hot topics and their citation performance [10] [11] [12] [13] . To the best of our knowledge, no such literature analysis has been published for antioxidant research. Therefore, the aim of this study is to identify and analyse the antioxidant-related publications in the existing scientific literature. The primary objectives are as follows:
(1) To understand the relevant key research categories in antioxidant research (2) To identify the countries and journals having a major contribution to this research and to evaluate their citation performances during different time periods (3) To reveal which chemicals/pharmaceuticals have had high citation counts during different time periods
Materials and Methods

Data Source.
In May 2018, a literature search was performed with the multidisciplinary Web of Science (WoS) online database (Clarivate Analytics, Philadelphia, PA, USA) to identify papers with the following search strategy: TOPIC = ("antioxida * " OR "anti-oxida * "). This strategy searched for papers that contain the word antioxidant/antioxidant and its derivatives in their title, abstract, or keywords. No restrictions were imposed on the publication year, publication type (e.g., original article, review, and editorial), or publication language.
Data Extraction.
The manuscripts resulted from the literature search were evaluated and recorded for (1) publication year, (2) journal title, (3) total citation count, (4) authorship, (5) WoS category, and (6) manuscript type. The full records and cited references of these manuscripts were imported into VOSviewer (CWTS, Leiden University, Leiden, The Netherlands) for bibliometric analyses, such as citation performances of institutions, countries/regions, and journals. VOSviewer extracts and analyses the words in the titles and abstracts of the publications, relates them to citation counts, and finally visualizes the results as a bubble map [14] . Four such bubble maps were generated, one each for 1990 and before, 1991-2000, 2001-2010, and 2011-2018 . Each bubble represents a word or a phrase. We excluded the top 5000 common words from the Corpus of Contemporary American English (the list of words was obtained from https://www.wordfrequency.info/free.asp?s=y). Supplementary data sheets in an Excel file (Data File S1) are all the terms remained after the exclusion of the 5000 common words and their citations per publication, per each of the four survey periods. Bubble size indicates the frequency of occurrence of the words (multiple appearances in a single publication count as one). Bubble color indicates the averaged citation count received by publications containing the word in their titles or abstracts. Two bubbles are in closer proximity if the two words had more frequent cooccurrence. The term map visualizes terms that appeared in at least 500 of the included publications during the specific survey period (except for 1990 and before, for which the threshold was set at 10 due to the small number of publications). Similarly, bubble maps were generated to visualize journal performances during the four survey periods. Two bubbles are in closer proximity if the two journals cite each other more frequently. For journal maps, only journals that have published at least 100 papers during the specific survey period were included (except for 1990 and before, for which the threshold was set at 10 due to the small number of publications).
Results and Discussion
3.1. General Results. There were 299,602 publications identified and analysed. The first publication was published in 1957. It was a publication on studies with antioxidants related to the reduction of serum lipids in humans and rabbits [15] . The first year with more than 100 publications on this topic was 1977, and the first year with more than 1000 publications was 1991. The annual publication trend started to increase steadily since then (Figure 1 ). Another pivotal point was the year 2007, starting from that year the annual publication count has always exceeded 10,000. In 2017, 28,682 papers related to antioxidants were published. Based on the observed trend, it is reasonable to expect that over 30,000 papers will be published in 2018 alone.
In overall, there were 258,450 (86.3%) original articles and 20,616 (6.9%) reviews in the analysed literature set. The remaining 6.8% of the publications included meeting abstracts, proceedings paper, and editorial material. In order to perform a systematic analysis and to better evaluate the importance of the research area for the scientific community worldwide, all the 299,602 identified publications were divided into four time periods/decades depending 3.2. 1990 and before. There were 4176 publications. In this earliest survey period, the publications were more evenly distributed into different WoS categories, with the five major categories being the biochemistry/molecular biology (513; 12.3% of 4176), food science technology (507; 12.1%), polymer science (414; 9.9%), pharmacology/pharmacy (332; 8.0%), and chemistry, applied (331, 7.9%). The five most prolific countries/regions were USA (942 publications; 22.6% of 4176; 39.6 citations per publication), USSR (248; 5.9%; 6.2), Japan (165; 4.0%; 35.4), England (145; 3.5%; 51.9), and Canada (90; 2.2%; 69.3). The five most prolific journals were Journal of the American Oil Chemists' Society (153; 3.7%; 23.7), Bulletin of Experimental Biology and Medicine (123; 2.9%; 0.3), Federation Proceedings (87; 2.1%; 3.9), Abstracts of Papers of the American Chemical Society (82; 2.0%; 0.01), and Polymer Degradation and Stability (82; 2.0%; 11.2). Figure S1 shows the citation network of the most prolific journals, with existing agglomeration of polymer science journals on the upper right corner, implying that they have cited each other frequently but infrequently cited healthcare and food science journals.
Topics with high citations included carcinogenesis (45 publications; 71.9 citations per publication) and lipid peroxidation (197; 44.4) (Figure 2 Curcumin (915; 75.4) Figure S2 shows the citation network of the most prolific journals, apparently centred on food science, nutrition, and medicine journals. Topics with high citations included cell death (965 publications; 87.1 citations per publication) and atherosclerosis (1062; 86.1) (Figure 3 Figure S3 shows the citation network of the most prolific journals. Food Chemistry began to become comparable with Journal of Agricultural and Food Chemistry with regard to publication count and citations per publication.
Topics with high citations included nuclear factor erythroid 2-related factor 2 (Nrf2, 1126 publications; 100.7 citations per publication) (Figure 4 (Table 1) . Interestingly, all of these are phytochemicals (plant secondary metabolites), as compared to the previous analysed periods, which have featured a higher share of studies focused on antioxidant vitamins and minerals. Figure S4 shows the citation network of the most prolific journals. Food Chemistry has finally 
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Cysteine (2410; 13.0) 1 Flavone backbone of flavonoids. 2 The most common ascorbate. 3 Ascorbic acid is one form "vitamer" of vitamin C. 4 α-Tocopherol is the most active form of vitamin E (includes also other tocopherols and tocotrienols). 5 An example as the most common flavonoid. 6 It is the second most common form of carotene. 7 Backbone of a flavonol. 8 An example as the most common phenolic acid. 9 The most common frequently occurring in the nature anthocyanin. (Figure 5 ). The most highly cited chemicals included curcumin (2131; 14.3), resveratrol (2141; 13.9), and cysteine (2410; 13.0) ( Table 1) . A previous literature analysis has reported that it takes about 3-7 years for scientific publications to reach the peak of citations per year during their citation life [16] . Therefore, it is reasonable to see that the general citations per publication during 2011-2018 were lower than those from the 2001-2010.
3.6. General Discussion. In overall, we have analysed nearly 300,000 publications on antioxidants that spanned over half a century. The results presented above have highlighted two polyphenols, curcumin and resveratrol, with high citations in the recent two decades. The potential health benefits of dietary curcumin and resveratrol have been discussed by the literature with a relevance to the control of redox signalling, inflammation, and autophagy [17, 18] and thus treatment of cancers including leukaemia [19] [20] [21] [22] . Besides, polyphenols have also been demonstrated to have neuroprotective effects and beneficial effects against cardiovascular disease, diabetes, and aging [2, 3, 5, 9, 23] . Dietary polyphenols, together with vitamin E, which had high citations before 2000, can exert protective effect against Alzheimer's and Parkinson's diseases by modulating the overproduction of reactive oxygen species (ROS) that give rise to oxidative stress which in turn damages the neurons [24, 25] . The increased publication share of food science technology journals, with a leading example being Food Chemistry, has reflected that the attention is shifting towards dietary antioxidants.
Manuscript related to the nuclear factor erythroid 2-related factor 2 (Nrf2) also attracted high citations. Nrf2 is a transcription factor essential for regulating homeostasis, cytoprotection, and innate immunity and plays an important role in activating the protective genes that are antioxidant and anti-inflammatory [26] .
The antioxidant research field has witnessed the increased publication share from China, India, and South Korea since the 2000s. Similar to the recently analysed ethnopharmacology and natural products publication fields, the contributions from Asian countries have been large, which could be partially explained by the notion that antioxidant assays require relatively less sophisticated equipment so that emerging research powers can also contribute comparable research volumes as traditionally established top research countries [27, 28] .
Conclusions
There were 299,602 publications identified and analysed. The majority of them (295,426) were published after 1991. Article to review ratio was 12.5 : 1. The publications were mainly related to the categories biochemistry/molecular biology, food science technology, and pharmacology/pharmacy. Brazil, China, India, and South Korea have emerged as upcoming major contributors to antioxidant research besides USA, which has been dominating the field for half a century. Most prolific journals were Food Chemistry, Journal of Agricultural and Food Chemistry, Free Radical Biology and Medicine, and PLOS One. Clinical conditions with high citations included Alzheimer's disease, cancer, cardiovascular disease, and Parkinson's disease. Chemicals with high citations included alpha-tocopherol, anthocyanin, ascorbate, beta-carotene, carotenoid, curcumin, cysteine, flavonoid, flavonol, hydrogen peroxide, kaempferol, N-acetylcysteine, nitric oxide, phenolic acid, uric acid, vitamin C, vitamin E, selenium, and resveratrol (Table 1) . In respect to antioxidant chemicals, a transition of the scientific interest has been observed, from research focused on antioxidant vitamins and minerals into more research attention focused on antioxidant phytochemicals (plant secondary metabolites). 
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